Laboratory experiments of bubble bursting have shown that particle production increases with concentration for aqueous solutions of NaCl (Spiel 1998). Here, experiments with a submicron Na particle counter for three Na salts-NaCl, NaBr, and NaIshow comparable trends. Similarities in behavior are evident when the concentration for each salt is normalized to a threshold concentration (Lessard and Zieminski 1971). The number, size, and mass of particles produced increase with normalized solution concentration, suggesting that the same transition that controls ionic entropy and self-diffusion in aqueous solutions will govern the bubble bursting process. Further insight into the controlling forces is provided by the prediction of the number, size, and mass of particles produced from the Eotvos number, the ratio of buoyant to surface forces of the aqueous solution. The similarities among the parameterizations of particle properties to the Eotvos number for all three Na salts provide a strong indication that, for similar density solutions, particle production is dominated by surface forces, independent of chemical compositions. A complete mechanistic interpretation of particle production is limited by our inability to capture (theoretically or experimentally) both the macroscopic fluid mechanics of film rupture and the microscopic intermolecular interactions of strong ionic solutions. However, the parameterizations to dimensionless quantities of aqueous solutions presented here are sufficient to predict the essential characteristics of particle production. The collapse of the experimental results to common curves for several different salts shows the predictive ability of these parameterizations for other mixtures.
INTRODUCTION
A key source of marine aerosol results from the breaking of waves in the ocean, a process that produces particles ranging from tens of nanometers to hundreds of micrometers in diameter (Blanchard and Woodcock 1957; Smith et al. 1993; O'Dowd et al. 1997; Clarke et al. 2003) . The complexity of this process on several scales has meant that quantitative predictions of this important particle source has relied on empirical correlations of particle production to ambient wind and wave conditions and to laboratory-controlled bubbling characteristics. Many studies were directed at the large aerosol mass associated with supermicron sea salt particles and lacked the instrumentation required to measure particles smaller than 100 nm diameter. This work characterizes the range of particle sizes from 20 to 300 nm, since salt particles in this size range play an important role in the indirect effect of marine particles on cloud radiative properties (Russell et al. 1994) .
Few studies have investigated the role of chemical composition and concentration of the bubbled solution, which has become increasingly prominent because of recent studies of the variability of the sea surface microlayer and its role in forming salt particles (Guichard and Lamauve 1988; Cloke et al. 1991; Aluwihare et al. 1997; Martensson et al. 2003) . The surfactant properties of organic compounds that constitute the microlayer could change the properties of sea salt particles produced. Scenarios for global change also include predictions of shifts in the concentrations of salts in the ocean. Incorporating these spatial and temporal variations in composition into global climate models requires a process-based understanding of particle formation from bubble bursting.
The challenge in understanding this type of particle formation begins with the variability of the atmospheric environment, preventing controlled observations in situ. To avoid this ambient variability, laboratory simulations of ocean waves in tanks are used to isolate individual breaking waves. Further simplification to individual bubble bursting in simulated saltwater uses clean air streams to carry particles for accurate monitoring. At this benchtop scale, particles can be accurately counted and associated with bubble bursting. The few available studies have produced snapshots of particle formation characteristics. More comprehensive studies are needed to provide the functional link between particle formation and solution characteristics. This study shows the link of particle formation to Na salt solution composition, which may be used as a general framework for a wider range of experiments on a variety of chemical compositionsincluding mixtures of salts and trace organic constituents-in the future.
APPROACH
The breaking of a wave typically captures air that rises in millimeter-sized bubbles back to the surface. A capillary tube is used to produce bubbles of constant, predictable size (Blanchard and Syzdek 1988; Spiel 1997) . The diameter of the bubble is given by equating the buoyant and surface forces at the tip of the capillary as the bubble is forming (Blanchard and Syzdek 1977) 
where d b is bubble diameter, d c = 2 mm is capillary inner diameter, g = 9.8 m s −2 is gravitational acceleration, ρ l is solution density, ρ a = 1.23 kg m −3 is air density, and σ l is solution surface tension. The estimated bubble diameter varied between 1.9 and 2.1 mm for the salt solutions studied here, as summarized in Table 1 .
Typically bubble rise is driven by the buoyancy of the lessdense air relative to the more-dense salt solution. The velocity of the rising bubble may vary by ±50% depending on the concentration of surfactants in solution (Clift et al. 1978, p. 172) , resulting in an estimated range for the bubble velocity of 10 to 30 cm s −1 for the 2-mm bubble diameters produced by our apparatus. The corresponding range for Reynolds numbers (Re = ρ l d b v b /µ l ) is 200 to 600.
At the surface, the upward motion slows on approaching the point of neutral buoyancy. Surface forces control the film covering the bubble, limiting the rate at which liquid drains from the film into the liquid reservoir. Vrij and Overbeek (1968) Lessard and Zieminski 1971;  g This work (NaI).
timated the film thickness at the point of rupture from a balance on the forces between the air inside the rising bubble and the air at the liquid surface:
where A is the Hamaker constant for water and has the value 3.7 × 10 −20 J (Israelachvili 1992) , P is the capillary pressure of the draining film, and the values 6 and 7 are experimentally determined constants for the bubble bursting system (Chaudhari and Hofmann 1994) . In these experiments, the estimated film thickness varied between 55 and 60 nm, as summarized in Table 1 .
When the film bursts, a range of submicron particles including those smaller than 20 nm diameter are produced. If Equation (2) were sufficient to capture the factors controlling particle formation, then we would expect particle size to vary with the predicted film thickness at rupture. Composition controls density, viscosity, and intermolecular interactions in solution that affect film drainage and thinning. The rupture thickness controls particle properties and is controlled by the composition of the solution, making particle size a consequence of solution composition.
This work uses two approaches to analyze the impact of chemical composition on the film thinning process that controls particle formation from bubble bursting. The first approach is suggested by work in which Lessard and Zieminski (1971) identified threshold concentrations to describe the observed transition in the effect of ions on solution properties. This transition provides an empirical basis for normalizing concentrations of three different Na salts. The second type of analysis incorporates both buoyant and surface forces in the dimensionless Eotvos number. The advantage of this approach is its generality to multicomponent and organic mixtures for which threshold concentrations have not been tabulated.
Similarities in salt solution properties are evident when the concentration for each salt is normalized to a threshold concentration, as suggested by Lessard and Zieminski (1971) . Their work has suggested that since ions both retard and enhance the diffusion of water molecules, this threshold represents a transition between these two competing effects, which is illustrated by the sharp cutoff of bubble coalescence behavior for sufficiently concentrated salt solutions (see Figure 4 of Lessard and Zieminski 1971) . Decreased coalescence of gas bubbles as well as decreased rates of increase of solution entropy and water self-diffusion also become evident at similar threshold concentrations. Inhibition of bubble coalescence produces foaminess and the associated small bubbles which burst at the ocean surface. For this reason, the first approach supposes that the number, size, and mass of particles produced will be controlled by solution concentration after normalizing to the characteristic threshold concentration for the salt. This approach proposes that the same transition that controls ionic entropy and self-diffusion in aqueous solutions also governs the bubble bursting process.
The Eotvos number, also called the Bond number, is used as the second approach to identifying a characteristic solution property, quantifying the ratio of buoyant to surface forces for the bubble: Clift et al. 1978, p. 26) . High values for liquid density and bubble diameter increase Eo, while increasing bubble density and liquid surface tension can slow this increase.
MEASUREMENTS
Particle production from a bubbler based on the Blanchard and Syzdek (1988) design was measured for three Na salts: NaCl, NaBr, and NaI. The measurements detected particle number and Na mass in size-resolved particles by sequential size separation in a differential mobility analyzer and detection by a condensation particle counter and a flame photometer, as shown in Figure 1 . The size-dependent response of the detector has been calibrated by comparison to atomized NaCl particles, providing an effective measurement range of 150 to 300 nm diameter. The calibration data in Figure 2 illustrate the measured detector response and its variability, shown with error bars representing the standard deviation of the measured voltage by the flame photometer.
Na mass distribution of ambient sea salt, atomized NaCl, and bubbled NaCl particles are shown in Figure 3 . The ambient particles are much less concentrated than the atomized and bubbled NaCl laboratory standards. Since the absolute value of FIG. 1. Schematic of the salt particle counter (FC = flame check, HE = heat exchanger, FR = flow restrictor, DMA = differential mobility analyzer, CPC = condensation particle counter, FPD = flame photometric detector). Numbers indicate monitored flow rates in L min −1 . the concentrations shown depend on different rates of bubbling and dilution, the common features are the size and shape of the Na particle distributions smaller than 300 nm. In addition, the peak in the particle size distribution at 70 nm in clean marine air provides evidence for a small sea salt mode similar to that observed in laboratory bubbling experiments. All three sources of generated sea salt particles show variability, with error bars representing one standard deviation of the measured values.
RESULTS
To study the production of particles by bubble bursting, the concentration of ions in solution was varied over the maximum range possible for the bubbler and detector, being limited on the high side by bubbling consistency and on the low side by detection limits. These concentrations illustrate the relative increases and decreases in particle concentration with Na salt aqueous concentrations for the approximately constant bubbling conditions used here. The resulting concentrations range from 0.0014 to 1.71 mol kg −1 , and the changes in physical properties for these solutions are summarized in Table 1. The measured particle number and Na mass size distributions in . The results from all three Na salts show that both particle size and number generally increase with concentration, with comparable increases in particle mass. The three Na salts show similar behavior in size, number, and shape of the particle distribution. The variability in the observed distributions increases at high concentrations, where bubble production was more sporadic. This variability in the size distributions produced is reflected in the error bars, each representing one standard deviation of the measured values.
Three particle properties were used to characterize particle production-modal mean diameter, modal number concentration, and modal mass concentration. The dependence of these properties on solution concentration and associated fluid properties (including calculated values for film thickness, Weber number, Capillary number, ionic strength, normalized solution concentration, Eotvos number) was investigated to identify the best fit parameterizations that can be generalized for all three salts, and potentially for more complex mixtures. The predicted film thickness decreases with the normalized solution concentration while the observed mean diameter increases for all three Na salts. The dependence on Weber and Capillary numbers varied greatly for the three salts, failing to produce a prediction that represented all three salts. The ionic strength of the solution increases with the solution concentration, revealing similar functional relationships. Particle diameter, number concentration, and mass concentration increase with solution concentration at slightly different rates for each Na salt. The two sets of relationships that collapsed the measured particle properties for all three salts were the normalized solution concentration ob- tained with the threshold concentration approach and the Eotvos number.
Threshold Concentration Approach
The normalized solution concentration C is the ratio of the measured solution concentration to the transition concentrations reported for each salt (Lessard and Zieminski 1971) : 0.18 mol kg −1 for NaCl, 0.22 mol kg −1 for NaBr, and 0.12 mol kg −1 for NaI. Figure 5 shows that particle diameter, number concentration, and mass concentration each increase similarly with normalized solution concentration. The uncertainty in the measured mean diameter is estimated to be ±10%, based on the uncertainty in the modal fit and differential mobility analyzer flow rates. The uncertainties for number and mass concentration are shown as twice the detection limit, as these limits generally exceed other errors. The normalized solution concentrations succeeds in providing an abscissa that collapses particle characteristics for all three salts to the same parameterization for each particle property, as summarized in Table 2 .
Particle mean diameter was parameterized to normalized solution concentration to the sixth root. This power law fit all three salts well (R 2 = 0.94 − 0.98) with similar prefactors (51-59). The modal number concentration was also best fit with a one-sixth power law, although the correlations were weak (R 2 = 0.68 − 0.92). The mass concentration of particles varied linearly with the normalized solution concentration, with high correlations (R 2 = 0.85 − 0.91). There is some variability in the slopes identified, although NaCl and NaI parameterizations are overlapping. The strong linear dependence of particle mass on normalized solution concentration indicates that this param-TABLE 2 Parameterizations of measured particle properties to normalized solution concentration and Eotvos number Normalized solution concentration Eotvos number NaCl 0.008 < C < 9.8 0 .581 < Eo < 0.590 NaBr 0.007 < C < 19 0.583 < Eo < 0.612 NaI 0.014 < C < 17 0.582 < Eo < 0.638
eterization works well for the range of concentrations studied here, namely from 0.0014 to 3.4 mol kg −1 .
Eotvos Number Approach
The second approach to understanding particle production uses the ratio of buoyant to viscous forces of the aqueous solution to predict the number, size, and mass of particles produced. Figure 6 shows the changes in mean particle size, number, and Na mass with Eo. The similarity of the resulting parameterizations of particle properties to the Eotvos number for all three Na salts provides a strong indication that, for similar density solutions above the threshold concentration, particle production is dominated by surface forces. Below the threshold concentration, which corresponds to Eo = 0.582 ± 0.001, there is a very strong dependence of particle properties on Eo, with a slope too steep to quantify given the measurement uncertainty. Above this value, linear parameterizations were obtained for modal mean diameter, number concentration, and mass concentration with Eo for all three salts. These parameterizations are given in Table 2 .
The range of Eo is only slightly above that of pure water (0.581) for the entire range of concentrations studied, since density and surface tension vary only slightly for aqueous Na solutions. Within this limited range, two distinct regimes of particle formation are evident. For low solution concentration, there are very rapid increases in the particle size, number, and mass, independent of Eo.
At higher solution concentrations, the buoyant force increases relative to the surface force above the transition value at Eo = 0.582 ± 0.001. In this large Eo regime, mean diameter and particle number concentration continue to increase, although FIG. 6 . Properties of particles produced by bubble bursting as functions of Eotvos number (a) Modal mean diameter, (b) Modal number concentration of particles, (c) Modal mass concentration of particles. For all panels, symbols are measured values and lines are parameterizations for NaCl (triangles, solid line), NaBr (circles, short-dashed line), and NaI (squares, long-dashed line). The shaded region indicates Eo = 0.582 ± 0.001, the value of the Eotvos number at the threshold concentration. Vertical error bars are the same as in Figure 5 and are omitted for clarity of presentation. the rate of increase is reduced relative to lower Eo. The particle diameter increases from 1.2 ± 0.1 to 3.1 ± 0.5 and matches a linear parameterization well in this range (R 2 = 0.88 − 0.99). The modal particle number concentration increases from (1.1 ± 0.1) × 10 6 to (2.5 ± 0.5) × 10 6 cm −3 , much slower than the slope below Eo = 0.582 ± 0.001. The parameterizations of number concentrations show weak correlations to measured values (R 2 = 0.27-0.76). The mass concentration shown in Figure 6 behaves similarly to the other particle properties. Above Eo = 0.582 ± 0.001, as the buoyant force relative to the surface force increases, the normalized Na mass rapidly decreases and then slowly stabilizes. The particle mass concentration decreases from (8.0 ± 0.5) × 10 −9 to (2.0 ± 0.5) × 10 −9 . The correlation to linear parameterizations above the transition is good for NaBr and weaker for NaCl and NaI (R 2 = 0.75-0.94). The poorer quality of the NaCl fit is largely due to the small range of Eo that was measured above Eo = 0.582 ± 0.001.
DISCUSSION
A complete mechanistic interpretation of particle production is not yet possible by experimental or theoretical approaches because we cannot capture both the macroscopic fluid mechanics of film rupture and the microscopic intermolecular interactions of strong ionic solutions. However, the parameterizations to normalized solution concentration and Eo identified in this work are sufficient to predict the essential characteristics of particle production.
The effectiveness of the threshold concentration for normalizing solution concentrations suggests that the thresholds found in ion-induced properties of NaCl, NaBr, and NaI solutions also distinguish their particle formation processes. The similarity in the observed behaviors of different Na salts is consistent with the expected role of viscosity and microscopic ionic interactions in delaying the drainage of the bubble film before it ruptures (Garrett 1967; Craig et al. 1993) . The dependence of both number concentration and mean diameter on the one-sixth power of the aqueous Na solution concentration provides an important starting point for speculating that ionic forces may retard fluid motion to limit the bubble bursting process, although more evidence is needed to identify the controlling mechanism.
The consistency of the relationships of particle properties to Eo for different salts indicates that the forces controlling the bubble bursting mechanism are described effectively by the ratio of buoyant and surfaces forces. The change in dependence of particle properties with Eo at the threshold concentration indicates a further link to the observed effect of ions on diffusion in solutions (Lessard and Zieminski 1971) . The regime of Eo > 0.582 ± 0.001 shows a linear dependence of particle size, mass, and number concentration on Eo. As Eo approaches the value for pure water, namely Eo < 0.582 ± 0.001, the number and size of particles formed decrease greatly with negligible changes in Eo. The linear dependence provides evidence that the ratio of buoyant and surface forces controls particle production at higher ionic concentrations. The dropoff at low concentrations provides the threshold value below which particle production is negligible and Eo is indistinguishable from that of pure water.
These two regimes in Eo number, in addition to the previous observations of threshold behavior in ionic solutions, reflect the complexities of interfacial processes for ionic solutions. The collapse of these results to common curves for three Na salts suggests that the relationships described here may have predictive ability for other aqueous solutions. More complex chemical compounds and mixtures should also be studied in order to build our understanding of particle production in complex environmental systems, such as the oceans and their surface microlayers.
